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============

In data processing and transmission network, data readout encounters major problems created by external noises^[@CR1],[@CR2]^. Particularly, separation of signals from background noises caused by external physical agents such as vibrations is not easy in the optical communications^[@CR3],[@CR4]^. Regularly electronic amplifiers are used to increase the amplitude of an optical signal, however, they not only slow down the process of transferring and information processing, but also they, themselves, receive noises from the surrounding environment (especially, electromagnetic noises)^[@CR5]--[@CR7]^. Therefore, develop of all-optical amplifier is necessary to intensify the signal without speed reduction and addition of electromagnetic noises. An all-optical amplifier is a component in which an optical signal is amplified without transforming to an electronic signal. When a small optical signal is entered into this component, a larger-intensity output is created. This component acts as a light intensity controller and is equivalent to an all-optical transistor^[@CR8]--[@CR11]^.

For many years, extensive researches have been conducted on the development of all-optical transistors and various samples have been presented based on a variety of mechanisms. Nevertheless, because of the challenges of this path and the failure to meet all the necessary conditions for an operational all-optical transistor^[@CR12]--[@CR14]^, research is still underway to design such a piece with acceptable performance. One of these problems is the impossibility of using the designed samples in the form of an integrated optical circuit because of its bulkiness or huge accessories that are necessary for its operation^[@CR15]^. Insufficient gain is another challenge in design and manufacture of an all-optical transistor. Actually, most of them are just an all-optical switch^[@CR16]--[@CR18]^. Cascadability is another important characteristic that is not satisfied by many designed transistors because of using more than one wavelength and the difference between input and output wavelengths^[@CR19]--[@CR21]^. On the other hand, the necessity of using high intensity is a fundamental weakness for methods based on nonlinear effects^[@CR22]--[@CR26]^.

Among several methods to design all-optical transistors, a group of transistors operates on the basis of coherent properties of light, relative phase and interference^[@CR10],[@CR11],[@CR27]--[@CR30]^. In this type of transistors, the signal to be amplified (gate), along with the pump beam, which provides the required energy for the amplification process, is supplied from a single coherent optical source^[@CR31],[@CR32]^. Despite the fact that the pump and the gate beams are not independent, coherent transistors have wide applications in quantum processing, inline coherent amplifiers and etc.^[@CR32]--[@CR38]^.

In this paper, we propose a fiber optic coherent all-optical amplifier that its operation is upon coherent perfect absorption (CPA)^[@CR39]--[@CR41]^. The CPA method can be used in several configurations in fiber optics^[@CR42],[@CR43]^. Conventional optical amplifiers are often based on optically active environments^[@CR44],[@CR45]^. In fact, an optically active medium is used as an amplifier, but due to the dependence of the output on the environment condition and the effect of the repetition rate on the active medium population inversion, they cannot be used at very high frequency^[@CR46]^. Our proposed amplifier works on the basis of counter-propagating waves' relative phase. We use PM fiber as a light transmission medium and chromium (Cr) thin layer as an absorbent material. We also employ the transfer matrix method (TMM) to calculate the values of primary parameters. In the following, we introduce the designed structure and compare the theoretical and experimental results for the constructed device.

Results and Discussion {#Sec2}
======================

We manage the portion of pump beam which is absorbed within an absorbent material by using the CPA and interference with the gate signal. In this way, it is possible to alter the amplitude of the electric field at the absorbent material place from near zero to a maximum by changing the relative phase of the two counter-propagating optical waves from constructive to destructive interference. Since the amplitude of the absorbed light depends on the light's electric field vector, the relative phase is a proper parameter to regulate the intensity of the absorbed light. Thus, the light transmission can be controlled by another light wave through this technique.

Most metals such as gold, copper and silver, are good reflectors and absorb a very small part of incident light because of their relatively small real part refractive index. In order to achieve a large absorption, a material with a high absorption coefficient is desired. It should be noticed that in multi-layers or complex structures, like photonic crystals or two dimensional meta-material structures, full absorption could be achieved by a weakly absorbing material. However, in present case, we have not any designed structure. There is just an ultra-thin single layer to restrict the light interaction to a small space to have a simple and integrable system. Such a system requires a high absorbance ultra-thin layer. We chose chromium, which has a big real part of the refractive index, *n*, along with its large imaginary part, *k*. According to the reflection coefficient of a bulk material in normal incidence^[@CR47]^,$$\documentclass[12pt]{minimal}
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where the subscripts "*a*" and "*d*" are for absorber and dielectric media, respectively, Cr will show a large value of absorption and a reduced reflection^[@CR11]^.Figure 1(**a**) Absorption, reflection and transmission values for the Cr thin film surrounded by media with refractive index of 1.45. (**b**) Total absorption of two equal-intensity counter-propagating waves in terms of the relative phase at the position of the Cr layer and the Cr thickness. In small thickness and constructive interference, we have total absorption.

The Cr refractive index in the telecommunication wavelength of 1310 nm is *n* = 4.2 + 4.27*i*^[@CR48]^. We will place a Cr layer between two optical fibers with the core refractive index of 1.45. Indeed, the Cr layer is deposited on the cross-section of one of them. In this case, the absorption, reflection, and transmission (ART) coefficients for the thin Cr layer can be determined by using the TMM^[@CR11],[@CR49]^. In Fig. [1a](#Fig1){ref-type="fig"}, the ART coefficients are plotted for a Cr layer placed between two optical fibers in terms of the layer thickness for a single beam passing through the fibers. It is obvious that the absorbance reaches its maximum value in a thickness of about 17 nm. Getting a large value of absorption will facilitate the intensity variation. In order to determine the influence of the relative phase at the Cr layer position on the absorption, the total absorption is plotted in terms of the relative phase and Cr thickness in Fig. [1b](#Fig1){ref-type="fig"}. As can be seen, for the thickness of about 17 nm, full absorption becomes possible for destructive interference at the position of the Cr layer and when the interference is constructive it can reach zero. For large thicknesses of Cr, because of limited penetration length of light, interaction of beams is weak and so the change in absorption is not significant.

Since the interference of two beams occurs through the interaction of their electromagnetic fields and considering the square relation between the electric field amplitude and intensity of a beam, intensity variation can be accompanied by amplification. This concept was firstly pronounced by Zheludev *et al.* in 2015^[@CR6]^. For a gate beam with the intensity of *I*~*g*~ and the pump beam with the intensity of *I*~*p*~, the following relation governs the interaction of two beams in the adsorbent layer^[@CR11]^:$$\documentclass[12pt]{minimal}
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This is similar to the definition of the gain for an electronic transistor.Figure 2(**a**) The setup for adjusting the thickness of Cr layer and (**b**) PM fiber cross section with and without Cr layer.

To have a well-defined phase at the Cr layer and to achieve complete modulation it is necessary for the wavefront to be parallel with the thin layer and also it is essential that the dimensions of the wavefront be effectively limited^[@CR50]^. Hence, as previously mentioned, we have used optical fiber as a beam transmitter, as well as a medium for limiting the wavefront. To fulfill our goal, we chose a 125 µm single mode polarization maintaining fiber with a core of 10 µm in diameter. The Cr thin layer was deposited on the cross-section of fiber by using physical vapor deposition method. Then the Cr thickness was adjusted by using the setup illustrated in Fig. [2](#Fig2){ref-type="fig"} and experimental method section.

To investigate the influence of the gate on the pump beam by controlling the coherent absorption, it is necessary to manage the phase of one of the beams through an active manner so that we can adjust the absorption on its maximum or minimum value. This can be done in various ways, such as electro-optical and opto-mechanical phase modulation. We use a cylindrical piezoelectric which resonates with the applied oscillating voltage. The applied harmonic signal will change the optical path by altering the optical fiber length twisted around the piezoelectric cylinder. The variation in optical path depends on the number of turns, frequency, and amplitude of the applied voltage. By this technique, we can modify the relative phase.

Figure [3a](#Fig3){ref-type="fig"} illustrates the setup prepared to investigate the CPA phenomenon and functionality of the proposed technique and Fig. [3b](#Fig3){ref-type="fig"} shows fixing method for two fibers. In this setup, a coherent beam passes through an inline fiber optic polarizer and then is divided into two parts by a 50--50 coupler. The beam in the first arm of the first coupler (path 1), which we consider it as the pump beam, after passing through the fiber wrapped around the piezoelectric phase modulator (1), is directed to the bond of the two fibers (2). By using a silica ferrule with 126 µm inner radius, two fibers are placed in front of each other and so, the Cr layer is surrounded between the two fibers. We also eliminate undesirable reflections by using matching gel. The angular direction of the PM fibers is determined by examining the diffraction of a 633 nm laser beam from the cross-section of two fibers. The other part of the input beam from the second arm of the first coupler passes through an inline attenuator (3), and then is divided by a second coupler. The transmitted power through the attenuator can be measured by a power meter in the second arm of the second coupler. The gate is guided from the first arm of the second coupler (4) to the fibers junction and counter-propagates with respect to the pump beam. The interference of these two beams changes the absorption rate of the Cr layer which is measurable at the output (5).Figure 3(**a**) The experimental setup for the fiber-based all-optical amplifier. (**b**) Alignment of the coated and uncoated fibers by glass ferrule.

The proposed amplifier is based on coherent light, thus, it is necessary that the two beams be coherent at the Cr layer place. Therefore, the optical paths 1 and 2 must have almost equal length. Actually, the difference in their length must be less than the light source coherence length. The coherence length can be calculated from$$\documentclass[12pt]{minimal}
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                \begin{document}$$L=2\,\mathrm{ln}(2){\lambda }^{2}/\pi n{\rm{\Delta }}\lambda $$\end{document}$$where λ is the central wavelength, Δλ is the spectral width and *n* is the refractive index of the propagating media^[@CR50]^. The employed light source is a diode laser with 1310 nm central wavelength and a spectral width of 0.3 nm. Then, from Eq. [4](#Equ4){ref-type=""}, the coherence length in the fiber is about 1.74 mm. This is absolutely enough to easily control the length difference between the two paths. The reason for the use of two couplers in the setup is to ensure that the signals recorded at the output is only due to the CPA phenomenon in the thin Cr layer. This is guaranteed by the small coherence length in comparison to the arm length.

To measure the impact of the gate on the pump beam, we fixed the oscillation frequency at the resonance frequency of the piezoelectric cylinder (about 42 KHz) to achieve maximum oscillation amplitude and to have optical pass variation equivalent to several wavelengths in each cycle. It is expected that for each period of the voltage source, several oscillations in the output intensity are observed. This is a function of the voltage amplitude that is applied to the piezoelectric cylinder. Because this arrangement forms a closed loop, each source of the change in phase produces strong oscillations through interference similar to those of a fiber optic gyroscope. Hence, multi-wavelength optical path variation will stabilize the signal and eliminate the adverse effects of the temperature. Figure [4a](#Fig4){ref-type="fig"} shows the intensity of the output beam. For normalization, we consider the intensity of the 2 mW pump as unity. As can be seen, for a period of the applied signal, there are several periods of phase change that is apparent in the output as intensity modulation because of the CPA. In Fig. [4b](#Fig4){ref-type="fig"}, the maximum intensity of modulation amplitude has been compared with corresponding theoretical result. It indicates that the Cr thin layer absorption only slightly differs from the obtained theoretical value and as a consequence, the Cr layer actually has a 100% modulation capability through the CPA. The minor incompatibility between theoretical and experimental results is related to the gate and the pump polarization misalignment, the small inaccuracy in the Cr thickness and incomplete coherency. In Fig. [4c](#Fig4){ref-type="fig"} the modulated pump beam output is plotted to define amplification characteristic. It is plotted for the pump to gate ratio of 120. For comparison, the pure pump and gate intensities are also depicted in this figure. As can be seen, the modulation amplitude is larger than the gate total intensity.Figure 4(**a**) Changes in the output intensity for a period of piezoelectric oscillation. (**b**) The modulated output intensity from the experiment and theory versus relative phase at the position of Cr layer. (**c**) The pump modulation amplified by the gate for the pump to gate ratio of 120.

To investigate the effect of the relative intensity of the beams on the gain, the peak-to-peak intensity in output in terms of the pump to gate ratio is depicted in Fig. [5](#Fig5){ref-type="fig"}. According to Eq. [3](#Equ3){ref-type=""}, it is expected that this quantity will not be linear and we will get considerable amplification for small intensities of the gate relative to the pump beam. As can be seen, in the ratio of 400 for the pump to the gate intensity, the peak-to-peak modulation amplitude in the output is about 9.1 times of the gate intensity, i.e. the gain is around 9. It means that the gate beam is able to create a modulated output beam by amplitude higher than itself. It should be noted that the real gain is twice of this amount because the returned beam from the thin layer to the second coupler is divided into two parts and only half of it enters the detector. This amount of gain is approximately one quarter of the theoretical gain calculated from Eq. [3](#Equ3){ref-type=""} for this value of pump-to-gate intensity ratio. The difference can arise from unwanted dissipations such as error in controlling Cr layer thickness, coupler deviation from the ideal 50--50 case, semi-coherency as well as the dispersion and reflection from surfaces. In spite of all these losses, the gain that is obtained experimentally is enough to supply input of at least two other transistors.Figure 5The gain in terms of the pump to gate ratio, accompanied with the fitting curve.

The operation of this transistor is also influenced by the relative polarization direction of the two counter-propagating beams. To study this effect, we plot the amplitude of the output beam for different angles between the two PM fibers polar axis. As can be seen from Fig. [6](#Fig6){ref-type="fig"}, the modulation amplitude for the fibers with parallel polar axes is maximal and it decreases with the off-axis angle of the fibers. When the fibers' polar axes are perpendicular, we still have a modulation. This is because of electric field vectors summation, and it is known that the absorbance quantity depends on the size of the resultant electric field vector.Figure 6The output DC intensity variation curve and the peak-to-peak amplitude of the output modulation in terms of the off-axis angle of the fibers.

Conclusions {#Sec3}
===========

The proposed optical amplifier magnifies a small signal riding on a DC beam in a fiber-optic network. We showed that the Cr thin film effectively provides nearly complete absorption conditions through the CPA phenomenon. The gain of this fiber-based system is comparable with that of the electronic transistors. Controllability of the gain is an important characteristic of this amplifier which can be performed by controlling the pump to gate intensity ratio. The obtained gain is enough to derive several similar amplifiers and to use them in a cascade structure. In compare to other all-optical transistors, the CPA provides most of the essential features of an all-optical transistor like operating at room temperature, working by using ultra-low power, cascadability, fast response and integrability. The suggested all-optical fiber-based transistor can be exploited in quantum computing systems.

Methods {#Sec4}
=======

Chromium layer thickness tuning {#Sec5}
-------------------------------

To achieve a Cr layer with suitable thickness, we tune a thicker layer to our favorite thickness. For this purpose, after depositing a thick Cr layer by PVD technique, we insert the fiber inside the HCl solution. It should be noted that the proper thickness is firstly determined by simulating the reflection coefficient of the thin layer. Then, by monitoring reflected intensity from the layer in the setup shown in Fig. [2](#Fig2){ref-type="fig"}, the thickness could be tuned much finer. A diluted acid may be used to obtain a better result.
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